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The  relationships  between  fracture  toughness,  flow  stress  and  material  ductility 
were  studied  for  the  high  strength  steels,  D6AC  and  300M,  each  heat  treated  to  3 
strength  levels.  In  addition  to  the  experimental  part  of  the  study  which  included 
biaxial  ductility  test,  notch-tensile  test  and  fracture  toughness  test  the  theore¬ 
tical  studies,  to  develop  an  analytical  basi >  for  correlations  between  fracture 
toughness  and  flow  properties  of  solids ,  were  continued , 

The  fracture  ductility  was  found  to  decrease  significantly  on  going  from  the  uni-; 

,  axial  stress  state  to  the  plane  strain  stress  state  to  the  balanced  biaxial  condi¬ 
tion.  \  strong  influence  of  the  surface  finish  was  noted.  This  gave  rise  to  some 
scatter,  particularly  for  the  bulge  tests.  Mors  experimentation  is  planned  in  the 
continuing  program  to  clarify  this  point..  The  notch  sensitivity  decreases  with  n-  ; 
creasing  tempering  temperature  for  both,  materials,  with  a  reduction  being  some-  | 
what  greater  for  300M  steel.  The  values  of  the  Neuber  micro  support  effect  const  i 
p*,  were  determined  and  found  to  lie  between  0.0002  to  0.0014  inches. 

The  analytical  studies  suggested  that  the  correlation  between  fracture  toughness 
and  ductility  should  have  the  general  -form  Kjc»Ae^E/sp^ei  where  E  is  the  modulus  of  ■ 
elasticity,  s  the  shape  factor  for  the  plastic  zone,  the  effective  fracture  ! 
strain  corresponding  t*  the  stress  state  i  and  Ae^  a.  corresponding  constant.  The 
experimental  results  were  found  to  be  in  good  agreement  with  the  bulge  ductility 
correlation.  The  analytical  correlations  were  also  extended  to  the  plane  stress 
fracture  condition. 
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ABSTRACT 

The  relationships  between  fracture  toughness,  flow  stress  and 
material  ductility  were  studied  for  the  high  strength  steels,  D6AC  and 
300H,  each  heat  treated  to  three  strength  levels.  The  experimental 
part  of  the  study  was  conducted  in  three  phases:  1.  Study  of  the  effect 
of  stress  state  on  fracture  ductility;  2.  Study  of  the  notch  strength 
and  ductility  characteristics  of  the  materials  involved;  3.  Determina¬ 
tion  of  the  fracture  toughness  of  the  materials.  In  addition,  the 
theoretical  studies,  to  develop  an  analytical  basis  for  correlations 
between  fracture  toughness  and  flow  properties  of  solids,  were  continued. 

The  fracture  ductility  was  found  to  decrease  significantly  on  going 
from  the  uniaxial  stress  state  (tension  test)  to  the  plane  strain  stress 
state  (bend  test  or  Clausing-type  tension  test)  to  the  balanced  biaxial 
condition  (bulge  test  or  plunger  bulge  test).  The  effective  fracture 
Strain  is  generally  reduced  to  a  value  of  less  than  half  the  value  of 
the  tensile  fracture  strain  and  sometimes  to  a  value  of  only  12%  of  the 
tensile  fracture  ductility.  A  strong  influence  of  the  surface  finish 
was  noted.  This  gave  rise  to  some  scatter,  particularly  for  the  bulge 
tests.  More  experimentation  is  planned  in  the  continuing  program  to 
clarify  this  point. 

The  notch  sensitivity  decreases  with  increasing  tempering  tempera¬ 
ture  for  both  materials,  with  a  reduction  being  somewhat  greater  for 
300M  steel.  The  values  of  the  Neuber  micro  support  effect  constant, 
p*,  were  determined  and  found  to  lie  between  0.0002  to  0.0014  inches. 


ii 


Measurements  of  the  effective  fracture  strain  at  the  notch  root  showed 
a  general  trend  of  decreasing  notch  root  fracture  strain  with  increas¬ 
ing  stress  concentration  factor.  In  general  the  minimus  values  of  a 
notch  root  effective  fracture  strain  lie  close  to  the  plunger  ductility 

for  300M  steel  (hardness  K  51.5  and  R  47.5),  higher  for  D6AC  (hardness 

c  c 

R  50)  and  between  the  bend  and  plunger  ductility  for  D6AC  steel  (hard- 
c 

ness  R  46.5  and  R  42.5).  For  300M  steel  (Ro  39),  the  scatter  in  the 
c  c  c 

data  was  too  large  to  identify  a  trend. 

Fracture  toughness  values  were  determined  for  all  materials  with 
compact  tension  specimens.  The  values  determined  for  I»0  inch  thick 
specimens  -met  the  requirements  for  plane  strain  fracture  toughness,  Kj  . 

The  analytical  studies  suggest  that  the  correlation  between  fracture 
toughness  and  ductility  should  have  the  general  form  KIc  *  A  Ei/sp*^ 

where  E  is  the  modulus  of  elasticity,  s  the  shape  factor  for  the  plastic 

zone  (approximately  0.54  for  n  ®  1)  p*  the  Neuber  micro  support  effect 

constant,  e±  the  effective  fracture  strain  corresponding  to  the  stress 

state  i  and  A  a  corresponding  constant.  The  table  below  gives  the 
ei 

values  of  A  for  various  fracture  ductility  values  and  failure  criteria. 
ei 


Value  of  A 

Fracture  Ductility  e 


Used  for  Correlation  - - 

Vol.  Strain  Fracture 

Max.  Normal  Stress 

Criterion 

Fracture  Criterion 

Balanced  Biaxial 

i 

tension  duc-ility 
e  0.32 

1 

1  0.39 

a*l,  8*0 

Plane  Strain 

Ductility 

e  0.28 

0.45 

a*?*,  8*0  1 

iii 


The  experimental  results  were  found  to  be  in  good  agreement  with  the 
bulge  ductility  correlation  but  in  somewhat  poor  agreement  rith  the 
bend  ductility  correlation.  Surface  finish  effects  in  the  measurements 
of  the  bend  ductility  could  be  partly  responsible  for  this  discrepancy. 
The  analytical  correlations  were  also  extended  to  the  plane  stress 
fracture  condition.  However,  reliable  estimates  of  the  fracture 
strain  corresponding  to  the  plane  stress  condition  ahead  of  a  crack 
could  not  be  made.  Furthermore  an  experimental  determination  of  the 
true  plane  stress  fracture  toughness  is  difficult.  Nevertheless,  it 
is  anticipated  that  similar  correlations  can  be  established  for 
plane  stress  conditions  or  mixed  mode  fracture. 


INTRODUCTION 


The  development  of  a  procedure  for  the  reliable  determination  of 
the  load  carrying  capacity  of  peak  performance  structures  requires  the 
study  of  fundamental  properties  of  material  that  Influences  its  resistance 
to  fracture.  Since  it  is  generally  accepted  that  all  the  structural  com¬ 
ponents  have  in  them  at  least  some  flaws  it  is  necessary  to  base  the  de¬ 
sign  against  failure  in  terms  of  fracture  toughness  of  the  material. 
Fracture  toughness,  defined  as  the  work  required  to  produce  a  unit  area 
crack  extension,  is  given  by 


GC  =  2cys  +  y 


CD 


where  y  *  surface  energy 
s 

Yp  a  plastic  work  associated  with  crack  extension. 

For  roost  of  the  technical  metals  and  alloys  in  structural  applications, 

the  plastic  energy  associated  with  crack  extension  is  much  higher 

than  the  surface  energy  (y  -  10^  y  ).  Cottrell^  suggested  that  the 

P  8 

plastic  work  can  be  calculated  from 
00 

2yp  ■  2  j"  o ^  dv  (2) 

where  dv  is  the  displacement  associated  with  crack  extension  of  da. 

Accurate  experimental  determination  of  the  fracture  toughness  of  a 
material  requires  that  the  stress  state  in  the  specimen  at  the  instance 
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material  requires  that  the  stress  state  in  the  specimen  at  the  instance 


of,  failure,  be  fairly  veil  represented  by  the  linear  elastic  stress  field 
equations.  Thus,  it  is  quite  feasible  for  brittle  materials  but  leads 
to  difficulties  and  rather  expensive  procedures  for  tougher  materials. 

It  is  therefore  desirable  to  develop  other,  conceivably  indirect  methods 
to  determine  the  fracture  toughness  of  typical  structural  engineering 
materials.  As  an  interim  step  to  the  development  of  accurate  indirect 
methods,  it  was  the  immediate  goal  of  the  present  study  to  work  towards 
the  development  of  reliable  and  useful  correlations  between  readily,  ob¬ 
tainable  mechanical  properties  and  fracture  toughness.  It  is  hoped 
that  such  correlations  would  also  be  able  to  serve  as  the  basis  for 
materials  selection,  design  and  quality  control  specifications. 

Studies  to-date  by  various  investigators  suggest  the  existence  of 
some  functional  relationship  between  fracture  toughness  and  material's 

flow  stress  and  ductility. 

(2) 

Wells'  y  analyzed  the  crack  opening  stretch  at  the  onset  of  fracture, 
6,  and  could  show  that  the  fracture  toughness  GIc  is  given  by 


Ic 


SIc  °Y 


(3) 


where  6^c  ■  2v^c  at  fracture.  The  fracture  toughness  is  clearly  a  func¬ 
tion  of  the  naterials  flow  stress  and  its  ductility,  where  Oy  is  a  measure 

of  the  flow  stress  and  6jc  is  a  measure  of  its  ductility. 

(3) 

Beeuwkes  conducted  a  detailed  plasticity  analysis  for  parabolic 


cracks  from  which  he  obtained  a  relationship  for  the  fracture  toughness, 
assuming  that  crack  propagation  occurs  under  a  constant  stable  root  radius  p 


His  fracture  criterion,  is  a  maximum  stress  criterion  where  a  * 

oax 

(1  +  <P),  $  being  the  angle  change  of  the  slip  line.  Accordingly 
the  fracture  toughness  is  given  by 

KIC  ■  °Y  ■  L 

l  m  f(4>)  *  g(s».  V,  0y»  oN,  PQ)  (4) 

where  L  defines  the  boundary  having  a  strain  equal  to  the  yield  strain 

(L\ 

Krafft  has  made  ah  estimate  of  the  fracture  toughness  from  the  assurap 
tion  that  fractures  initiate  in  a  small  ligament  adjacent  to  the  crack  sur¬ 
face  of  size  dT,when  that  ligament  is  subjected  to  a  strain  which  is  equal 
to  tensile  instability  strain,  or  n?for  exponential  strain  hardening 

of  the  type  0  *  k  .  en.  Assuming  a  strain  distribution  adjacent  to  the 
crack  tip  which  varies  as  (1/tv  Krafft  obtains 

KI(,  «  E.n  v^TrdT  (5) 

Several  precise  tests  by  Krafft  on  steel  are  in  agreement  with  the  pro¬ 
posed  relationship.  Yoder ^  studied  the  fracture  surfaces  in  marag- 
ing  steel  specimens  with  scanning  electron  fractography,  and  noted  lines 
of  constant  spacing  which  he  interpreted  as  the  "process  zone  size,"  dT 
of  Krafft* s  tensile  ligament  instability  theory  of  fracture  toughness. 

From  measurements  of  d„  and  the  instability  strains  he  osculated  KTr, 
values  and  found  agreement  within  30  percent  of  the  values  determined 


from  fracture  tests. 
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Hahn  and  P.osenfield^  experimentally  determined  the,  strain  distri¬ 
butions  in  the  vicinity  of  a  crack  and  proposed  a  relationship  for  the 
fracture  toughness,  KIC>  by  relating  the  critical  strain  at  fracture  to 
the  critical  crack  opening  displacement.  Their  relationship  is 


Kjg  —  n/  (2/3) « E.  Oy«  e,. 


(6) 


where  is  the  tensile  fracture  strain.  They  suggest  that  the  actual 
fracture  strain  is  (1/3)  £p  for  plane  strain  and  (1/2)  ep  for  plane  stress. 
Yoder's  calculations  of  KpC  from  Equation  (6)  showed  poorer  correlations 
than  those  from  Equation  (3) . 

Barsom^  also  proposed  an  expression  for  the  fracture  toughness 

which  is  based  on  the  relationship  between  crack  opening  displacement,  6, 

1/m 

and  the  strain  distribution.  He  assumed  that  6  *  (e/a)  hence, 


K 


IC 


A  /<v(e 


1l/2m 


Y  vF,p.s 


(7) 


(m  =  1/4,  and  a  is  a  proportionality  constant)  where  A  is  an  adjustable 

constant,  e_  is  the  plane  strain  fracture  ductility,  and  m  is  a 
r  f  p  *  s  * 

material  characteristic  to  be  determined  experimentally.  Crucial  to  his 
model  is  that  plane  strain  fracture  occurs  when  the  strain  reaches  a 
critical  value,  which  he  terms  the  critical  plane  strain  fracture  ductility. 
This  value  is  determined  experimentally  from  tests  on  a  specimen  proposed 
by  Clausing^’^  (cf.  Figure  3). 

All  these  efforts  and  correlations  clearly  indicate  that  it  should 
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be  possible  to  determine  a  valid  relationship  between  material  ductility, 
material  flow  stress,  and  fracture  toughness  for  technical  materials.  It 
is  also  quite  evident  that  one  must  select  those  values  of  the  flow  stress 
and  of  the  fracture  ductility  which  are  characteristic  for  the  critically 
stressed  zone  ahead  of  the  tip  of  the  crack.  In  this  region,  the  stress 
state  is  biaxial  and  triaxial,  depending  on  the  geometry  of  the  specimen, 
and  the  flow  stress  is  elevated  due  to  the  plastic  constraint.  Thus  the 
multiaxiality  of  the  stress  state  will  affect  both  the  flow  stress  and 
the  fracture  strain  . 

The  elevation  of  flow  stress,  commonly  referred  to  as  the  plastic 
constraint  factor,  can  be  readily  obtained  from  either  the  Tresca  or  the 
Hencky-von  Mises  yield  criteria.  The  effect  of  stress  state  on  the  ductility 
value  was  studied  for  Aluminum  alloys  (2024-T4  and  7075-T6),  Titanium 
alloys  Ti6AL-4v  annealed,  Ti-6Al-6v-2Sn  annealed  and  Ti-2.5  Al-I6v 
(solution  treated)  and  steels  (4340  steel  39  and  R£  53;  250  grade 
maraging  R£  48).  The  results  show  that  the  effective  fracture  strain, 
e„  was  found  to  decrease  as  the  stress  state  changes  from  the  uniaxial 

to  the  biaxial  case  and  the  minimum  was  observed  in  all  materials  for  the 
balanced  biaxial  case  (o  =  °2^°l  a  =  =  0) •  The  experimental 

results  agree  well  with  a  critical  volume  strain  fracture  criterion pro_ 
posed  by  Weiss.  According  to  this  theory,  the  fracture  strain  rati"  is 
written 


TF 


(wm)1/n 


(8) 
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where 

eTF  =  tensile  fracture  -strain 

1 

V  *  1  ■ 

1+ofg 

m  =  [(1  +  a  +  5)2  -  3(a  +  6  +  aS)]1/2 
n  =  strain  hardening  exponent  in  c -  ®  Ke  a 
a  and  e  are  the  von  Mses  effective  stress  and  strain  respectively.  It  has 
to  be  noted  that  the  value  of  "n"  must  represent  the  entire  stress  strain 
diagram  and  not  the  plastic  portion  only. 

Studies  of  notch-tensile  tests  showed  that  the  minimum  effective  frac¬ 
ture  strains  at  the  notch  root  were  in  general  close  to  the  minimum  fracture 
strains  under  balanced  biaxial  tension  (a  =  1,  0  =  0)  obtained  in  the  bulge 
test  though  in  some  cases  (e.g.  250  maraging  steel)  the  notch  root  fracture 
ductility  was  found  to  be  somewhat  higher. 

With  this  better  understanding  of  the  relationship  between  fracture 

ductility  and  stress  states  analytical  relationships  for  fracture  toughness 

,  .  ,(10,11) 

were  developed 


„2  2  *  "V+1  .. 

=  TVOy  P*  l( - )  -  lj 

eY 


?  \&  n+1 
K2  *»  — p*  [( — “)  -  1] 

c  n  ~ 

Ey 


Equation  (9)  was  developed  from  Irwin's  plastic  zone  size  definition  and 

(12) 

notch  analysis  of  fracture  .  Equation  (10)  was  obtained  from  fundamental 


energy  approach  and  using  notch  analysis  of  fracture.  The  above  correla- 
(10) 

cions  were  applied  in  the  case  of  A1  2014  T6  alloy  vith  indifferent 
success. 

The  principal,  objective  of  this  year's  pregraa  was  concerned  with  the 
developaent  of  a  design  system  for  definitely  identifiable  design  situations, 
namely  (a)  the  place  strain  fracture  toughness  of  ultra  nigh  strength 
nate rials,  (b)  the  plane  strain  fracture  toughness  for  medium  strength 
structural  materials  requiring,  inordinately  large  test  speciaens  to  obtain 
valid  values,  (c)  the  fracture  toughness  under  non-plane  strain  condi¬ 
tions  and  (d)  the  load  carrying  capacity  of  carts  containing  finite  stress 
concentration  such  as  notches,  grooves,  fillets  etc-  This  required-  further 
refinement  of  the  analytical  formula  developed  in  the  last  year  and  per¬ 
forming  a  number  of  tests  on  some  selected  materials  to  check  the  proposed 
analysis. 

(13) 

Research  experience  in  the  past  has  clearly  indicated  that  the 
sharp  crack  fracture  mechanics  is  well  suited  for  the  case  of  ultra  high 
strength  materials  and  therefore,  can  provide  an  important  bench  mark  for 
any  correlations  between  K^c  and  the  materials  strength  and  deformation 
characteristics.  Our  experimental  investigations  this  year  were,  there¬ 
fore,  concerned  mainly  with  ultra  high  strength  materials  namely  300M 
steel  and  D6AC  steel.  To  obtain  a  range  of  strength  levels  3  different 
tempers  on  each  of  these  alloys  were  carried  out  and  the  predictive  power 
and  accuracy  of  Kc  and  K^c  values  from  the  proposed  analysis  was  checked 
by  comparing  with  the  experimental  values.  It  is  also  intended  to  perform 


tests  co  71  and  M  alloys.  3ut  the  special  alloys  chosen  were  cot  avail¬ 
able  until  last  month.  These  ate  expected  to  be  received  this  month  and 
the  results  of  the  tests  on  these  alloys  will  be  furnished  in  the  next 
report. 

The  proposed  analysis  requires  a  precise  determination  of  the  ductility 
value  under  balanced  biaxial  tension  (s  *  1,  5  “  0).  To  achieve  this  a 
bulge  test  fixture  was  designed  to  replace  the  simple  indentation  plunder 
test.  To  check  the  thickness  effect,  on  the  balanced  biaxial  ductility, 
bulge  tests  were  performed  on  2  different  thicknesses  for  both  D6AC  and 
300M  steel  specimens.  Tensile  tests  on  double-edge-  notched  specimens 
with  various  root  radii  including  a  fatigue  crack  were  performed  to  ob¬ 
tain  the  value  of  Neuber's  micro  support  effect  constant  p*.  The  deter¬ 
mination  of  the  value  of  p*  and  its  variations,  if  any,  with  thickness, 
temper  etc.  Is  also  an  important  consideration  in  the  application  and 
extension  of  the  proposed  fracture  toughness  correlation.  Finally  frac¬ 
ture  toughness  tests  were  performed  on  three  different  thicknesses  to 
obtain  a  range  of  fracture  toughness  values  on  each  temper  including  the 
plane  strain  fracture  toughness  values,  if  possible. 

The  theoretical  analysis  of  last  year  was  further  refined  and  a 
more  accurate  correlation  obtained.  Predictions  of  the  plane  strain  frac¬ 
ture  toughness  (Kjc)  values  from  this  relationship  were  compared  with  the 
experimentally  obtained  values  of  plane  strain  fracture  toughness,  for 
ultra  high  strength  steels.  Similar  estimates  for  plane  stress  fracture 
toughness  (Kc)  were  also  made  for  the  ultra  high  strength  steels.  For 
medium  strength  tough  structural  materials  additional  work  is  required, 


EXPERIMENTAL  PROCEDURES 

The  ultra  high  strength  materials  selected  for  this  year’s  study 
were  D6AC  steel  and  3COM; -steel,  The  chemical  composition  of  these  two 
alloys  are  gives  is  Table  I  and  II  respectively.  Three  different  strength 
levels  of  each  of  these  alloys  were  obtained  by  varying  the  tempering 
temperature  after  quenching  and  they  were: 

1.  D6AC  Steel  (500*F  (26Q°C)  temper,  2  hours*;  R  «  50) 

c 

2.  D6AC  Steel  (80Q°F  (427°C)  temper,  2  hours;  R  *  46.5) 

-  -  .  c 

3.  D6AC  Steel  (1100-F  (593*C)  temper,  2  hours;  Rc  *  42.5) 

4.  3COM  Steel  (500°F  (260° C)  temper,  2  hours;  R  *  51.5) 

c 

5.  30Ch  Steel  (800*F  (427*C)  temper,  2  hours;  R£  *  47.5) 

6.  300M  Steel  (1100°F  (593°C)  temper,  2  hours,  R  *  39). 

c 

The  heat  treatment  performed  bn  the  D6AC  steal  was  as  follows: 

1.  Normalize  at  1675°F  (913° C)  for  40  minutes 

2.  Austenitize  at  1575°F  (857°C)  for  40  minutes 

3.  Oil  quench  at  75CF  (22°C) 

4.  Initial  temper  at  400oF  (205#C)  for  2  hours  immediately  after  quenching. 

5.  Final  temper  at  the  required  temperature  for  2  hours. 

The  heat  treatment  followed  for  the  300M  steel  was: 

1.  Normalize  at  1675°F  (913°C)  for  40  minutes 

2.  Austenitize  at  1575°F  (857°C)  for  40  minutes 

3.  Oil  quench  at  75°F  (22°C) 

4.  Tempering  at  the  required  temperature  for  2  hours  immediately 
after  quenching. 
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specimens  were  approxiMtcly  0.145  Inch  (3*69  hb)  chicle  except 
in  some  cases  where  thickness  of  the  specimens  were  varied  to  observe  the 
thickness  effect.  All  tests  were  conducted  at  Toot#  temperature. 

A.  Biaxial  Ductility  Tests: 

Five  types  of  tests  were  performed  to  determine  the  fracture  ductili¬ 
ties  under  biaxial  stress  conditions.  They  are:. 

1)  Uniaxial  Tensile  Test  (o^/o ^  *  a  *  0  and  ») 

2)  Plane  Strain  Bend  Test  (o2/°i  *  “  */?  30(1  2) 

3)  Plane  Strain  Tensile  Test  *  a  =  1/2  and  2)  (Clausing  specimen) 

4)  Indentation  Plunger  Bulge  Tests  (o2/a^  =  o  *  1) 

5)  Hydraulic  Bulge  Tests  (c^/o^  *  a .  *  1) 

All  these  tests  were  performed  in  both  longitudinal  and  transverse 
directions  of  the  sheet  specimens *  The  stress  ratios ,  a»  of  0,  1/2  and  1 
correspond  to  longitudinal  tests  and  those  of  ®,  2  and  1  correspond  to 
transverse  tests. 

The  uniaxial  tensile  tests  the  plane  strain  bend  test,  the  plane  strain 

tensile  test,  the  plunger  indentation  bulge  test  and  the  hyraulic  bulge  test 

were  conducted  on  all  tempers  of  both  materials. 

For  each  test  the  principal  strains  at  the  onset  of  visible  cracking, 

e  ,  e-  ,  and  e-,,  were  determined.  The  results  are  given  in  terms  of 
IF  2F  3r 

effective  fracture  strains: 

Gp  «  1/3/2 ((c1F-  e2F)2  +  (e2p  -  e3p)  +  (e3F  -  clp)  )  (li) 

or,  for  volume  constancy,  C1P  +  e2F  +  E3F  =  °* 
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;2  f  2  , 
*3  (C1F  + 


2  .  1  ..1/2 

C2F  +  °3F) J 


(12) 


Uniaxial  Tensile, Tests;  Uniaxial  tC3ts  were  conducted  on  sheet  speci- 
jaens  of  geometry  as  shown  in  Figure  1.  Care  was  taken  to  design  these 
sheet  specimens  so  that  the  strains  in  the  width  and  thickness  directions 
were  comparable.  The  effective  fracture  strain*  ep,  was  calculated  using: 


'IF 


(13) 


where  A  is  the  initial  cross  sectional  area  and  A_.  is  the  final  crOss 
o  * 

sectional  area. 

Plane  Strain  Biaxial  Tests:  Two  series  of  plane  strain  biaxial  tests 
were  performed. 

a.  Plane  Strain  Bead  Test:  Bending  of  wide  specimens  over  a  cylindri¬ 
cal  die  was  used  to  determine  the  plane  strain  fracture  ductility  values, 
^c2^°l  *  1/2,  o3  «  0).  It  has  been  demonstrated^"*"^  that  plane  strain 
conditions  are  obtained  at  the  center  section  of  the  top  and  bottom  sur¬ 
faces  of  a  bend  specimen,  for  width  to  thickness  ratios  in  excess  of  8. 

For  the  present  test  series,  a  specimen  geometry  having  a  width  to  thick¬ 
ness  ratio  of  greater  than  15  was  chosen.  The  experimental  setup  is  shown 
in  Figure  2.  The  test  is  essentially  a  three  point  bend  test  with  a  side 
clearance  of  approximately  one  sheet  thickness  once  the  specimen  has 
achieved  a  "U"  bend  over  the  cylindrical  mandrel  (indentor) .  To  minimize 
friction,  teflon  tape  was  inserted  under  the  mandrel  and  between  the  edge 


supports  and  the  specimens  The  fracture  strain,  was  designated  as  that 
strain  which  caused  surface  cracking  c£  the  sheet.,  To  determine  the 
critical  bend  radius,  specimens  were  bent  around  a  set  of  cylinders  having 
diaseters  in  1/8  inch  intervals.  The.  effective  strain  in  this  case  is 
given;  by  : 


2 


since,  e^p  *  0  and  “ 


'2F 
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If  the  sheet  specimen  is  bent  over  a  cylinder  of  diameter  D,  is 

el  ’  + 

where  t  Is  the  specimen  thickness.  In  the  center  of  the  outer  surface  of 

the  bend  specimen  *  "  O',  e2  m  ~  cl' 

b.  Plane  Strain  Tensile  Test:  Another  set  of  plane  strain  biaxial 

(8  9} 

tests  were  conducted  using  a  grooved  tensile  specimen'  *  1 .  The  specimen 
design  is  shown  in  Figure  3.  Plane  strain  biaxiallty  is  obtained  at  the 
center  section  of  the  groove.  In  this  case  the  fracture  strain  is  given  by: 

2 

*r  '  r  elF*  C2F  “  0  and  eXF  '  -  E3F  ’  - ln  r  (16) 

v  3  0 


where  t  is  the  initial  thickness  and  t_  the  final  thickness. 

0  * 

Balanced  Biaxial  Tension  Tests:  To  obtain  the  fracture  ductilities  under 


balanced  biaxial  tension  two  types  of  tests  were  performed:  Plunger  identa- 
tion  bulge  test  and  hydraulic  bulge  test. 


a.  Plunger  Indentation  Bulge  Test:  The  experimental  setup  for  this 
test  is  shown  in  Figure  4.  Instead  of  using  a  hydraulic  medium  to  apply 
the  stress,  a  plunger  with  a  hemispherical  end:  was  pressed  through  a 
cushion  against  a  circularly  clamped  flat  disk  specimen.  The  cushion 
consisted  of  a  laminate  made  up  of  a  layer  of  teflon  tape,  an  aluminum 
sheet  (t  *  0.040  in.) ,  a  silicone  rubber  sheet  (t  *  0,0625  in.)  and 
another  layer  of  teflon  sheet.  The  effective  fracture  strain  for  this 
case  is=  determined  from  thickness  measurements,  i.e. 

t 

e  i-c  *  i n  -£  n7) 

F  3F  tp  -  K  > 

since  *  -  t^/2  (using  volume  constancy);  e^p  is  the  thickness 

strain  at  crack  initiation. 

B.  Hydraulic  Bulge  Tests  Figure  5  shows  the  basic  components  of  the 
bulge  fixture  developed  during  the  current  year.  This  essentially  consists 
of  the  pressure  cylinder  with  hydraulic  oil,  a  piston  and  the  top  support. 
The  specimen  along  with  the  cylinder  and  the  top  support  is  held  in  posi¬ 
tion  between  two  flanges.  In  order  to  prevent  leakage  of  oil  during  testing 
an  0-ring  is  provided  between  the  specimen  and  the  pressure  cylinder.  To 
pressurize  the  cylinder  the  piston  is  connected  with  the  moving  platen  of 
the  Riehle  Testing  machine  (300,000  lbs.  capacity).  Two  different 
thicknesses  of  specimens  namely  0.050  inch  (1. 27mm/, 0.075  inch  (1,91mm) 

were  tested  to  determine  the  effect  of  taickuess  variation  in  bulge 
ductility.  The  effective  fracture  strain  for  this  case  is  also  determined 

from  Equation  (17) . 


B.  Notch  Tensile  Tests: 

Notch  tensile  tests:  have  been  completed;  on  D6AG  steel  (R  50,  46.5  *nd 

.  '  c 

42. 5) and  BOOK  steel(Rc  51.5,  47.5,  39.0).  The  test  specimen  geometry  is 
shorn  in  Figure  6.  The  specimens  were  double-edge  notched  with  a 

3 6%  notch  depth,  the  variation  in. stress  concentration  factor  was 
achieved  -by  varying  the  notch  root  radius  (p).  The  stress  concentration 
factors,  Kt»  were  deteroined;  from  Peterson's  tables  and  ranged  from 
T.54  (p  *  .655  on)-  to  as  high  as  that  of  a  crack  (P’  '  obtained  by  a 
fatigue  crack).  In  addition,  tensile  specimens  (Figure  7)  were  tested  in 
the  same  series,  these  specimens  had  the  same  net  cross  sectional  area  as 
the  notched  specimens. 

The  notch  strength^  was  calculated  from  the  maximum  load  by 

dividing  it  through  the  original  net  cross  sectional  area.  The  longitudi¬ 
nal  strain  and  the  thickness  strain  at  the  notch  root  at  fracture  was 
measured  on  the  broken  specimens.  The  longitudinal  strain  was  determined 
from 


where  p^  is  the  initial  and  is  the  final  root  radius.  This  relationship 

has  been  shown  to  be  a  good  approximation  of  the  longitudinal  root  radius 
(17) 

strain  .  The  thickness  strain  at  fracture  was  determined  in  the  usual 
way  from  the  initial  and  final  thickness  values  near  the  notch  root,  t. 


Assuming  volume  constancy,  *  ~(e^  +  e^)  and  effective  fracture  strain 
in  the  region  just  ahead  of  the  notch  root  is  thiss  given  by 


f2  /  2-  2  ,2  ,,1/2 

CF  '  h  lcU  +  eHF  +  ‘tf’1 
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C.  Fracture  Toughness  Testing 

Fracture  toughness  tests  on  compact  tension  specimens  (Figure  8) 
were  performed  following  the  ASTM  procedure oh  D6AC  steel  (R,  50,  46.5 
and  42.5)  and  30QM  steel  (R£  51.5,  47.5,  39.0).  Tests  were  performed  on 
three  different  thicknesses,  namely  0.145  inch  (3.69  mm),  0.500  inch  (12.7  ran) 
and  1.00  inch  (25.4  mm).  The  thicknesses  of  0.145  indh  and  0.50  inch  of 
the  materials  tested  were  not  adequate  to  qualify  them  as  valid  K^c  tests. 
Instead  they  provide  the  apparent  fracture  toughness  value  K^.  The  plane 
strain  fracture  toughness  value  (Kjc)  was  obtained  from  the  tests  on  1  inch 
(25.4  mm)  thick  specimens. 

For  evaluating  the  apparent  fracture  toughness  (K^)  or  the  plane  strain 
fracture  toughness  (Kjc)  values  from  the  compact  tensile  specimens  the  dis¬ 
placement  at  the  edge  was  measured  by  a  1  inch  (25.4  mm)  gauge  length  ex- 
tensometer  instead  of  the  usual  clip-on  gauge.  The  fracture  toughness 
values  were  calculated  according  to^-®) 


where  P^  represents  the.  load  for  SZ  secant  offset*  PIc  is  the  load  at  pop 

in,  t  *  thickness,  w  *  width  and  a  is  the  crack  length  of  the  specimen. 

(18V 

The  value  of  the  function,  f(a/w)  was  obtained  from  the  listed  table-  ' 
fox  the  ratio  a/w. 

Also  from  the  double  edge  notched  specimens  (with  a  fatigue  crack) ,. 

(19) 

K  values  were  calculated  using  the  formula 
c 

Kc  *  %  [i-,S  C^)2  +  3.42  (22) 

where  P  is  the  maximum  load  for  the  pre-cracked  specimen  of  gross  width 
w,  thickness  t  and  2a  is  the  total  crack  length. 
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RESULTS  AND  DISCUSSIONS 

Biaxial  Ductility  Tests  The  experimental  results  of  the  effect  of 
stress  biaxiality  oh  fracture  ductility  are  presented  in  Tables  TIT  and 
T7  and  plotted  in  Figures  9-14.  To  supplement  the  balanced  biaxial 
ductility  values  Obtained  by  the  plunger  indentation  bulge  test,  hy¬ 
draulic  bulge  tests  were  performed  on  two  different  thicknesses,,  0.05 
and  0.076  in.  The  results  of  the  hydraulic  bulge  tests  are  presented  in 
Table  V  and  also  plotted  in  Figures  9-14. 

Figures  9-14  indicate  that  there  is  a  significant  loss  in  ductility 
on  going  from  the  uniaxial  stress  state  to  the  plane  strain  state  (a  *  1/2, 
8*0).  Considering  the  plunger  indentation  bulge  ductility,  the  observed 
effects  of  the  stress  state  on  material  ductility  are  similar  to  those 
obtained  by  similar  tests  on  other  materials  namely  a  minimum  frac¬ 
ture  ductility  for  the  balanced  biaxial  condition  for  all  materials  ex¬ 
cept  300M  steel  (39  Rc)  where  the  plane  strain  ductility  measured  from 
the  bend  test  was  slightly  lower  than  the  balanced  biaxial  tension  ductility 
(Figure  14). 

It  is  noted  that  the  hydraulic  bulge  ductility  values  are  consistently 
higher  than  the  previously  determined  ductility  values  for  balanced  bi¬ 
axial  tension  by  the  plunger  test,  as  indicated  in  Figures  9-14.  A 
difference  in  the  surface  condition  between  the  plunger  bulge  test  speci¬ 
mens  and  the  hydraulic  bulge  test  specimens  is  the  principal  cause  for 
this  discrepancy.  The  final  grinding  on  the  former  as  well  as  the  ten¬ 
sion  and  Clausing  specimens  resulted  in  a  surface  roughness  of  an  RMS 
value  between  18  and  20  micro-inches.  The  surface  roughness  of  the  hy¬ 
draulic  bulge  test  specimens  was  RMS  9  to  12  micro-inches.  A  comparison 
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hydraulic  bulge  test  on  300M  steel  (Rc  39)  clearly  showed  this  effect. 

For  a  fine  surface  finish,  RMS  9-12,  the  bulge  ductility  was  0.45,  for 
a  coarse  finish,  RMS  50  micro-inches ,  the  bulge  ductility  was  only  0.27. 
Different  grinding  methods  could  also  cause  different  residual  stress 
patterns  and  thereby  affect  the  ductility.  Moreover,  it  was  noted  that 
the  hydraulic  bulge  specimens  were  frequently  in  the  lower  hardness 
range  for  a  given  heat  treatment  -  possibly  due  to  a  higher  thickness 
of  the  blanks  as  prepared  for  heat  treating.  Some  typical  values  are: 

Material  and  temper  Average  hardness  of  the  Average  hardness  of  the 

biaxial  ductility  hydraulic  bulge 

specimens  specimens 


D6AC, 

500°F,  2  hours 

R  50 

R 

46 

c 

c 

D6AC, 

800° F,  2  hours 

R  46.5 

R 

40 

c 

c 

D6AC, 

1100°F,  2  hours 

R  42.5 

R 

39 

c 

c 

300M, 

500° F,  2  hours 

R  51.5 

R 

51.5 

c 

c 

300M, 

800°F,  2  hours 

R  47.5 

R 

45 

c 

c 

300M, 

1100°F,  2  hours 

R  39 
c 

R 

c 

40 

An  attempt  will  be  made  soon  to  resolve  all  these  questions  which  bear 

on  the  applicability  of  the  fracture  postulate. 

The  recent  findings  of  Azrin  and  Backofen^^^  as  a  result  of  care- 

(21) 

ful  experiments  performed  to  verify  the  Marciniak  and  Kuczynskl's^  ' 
theory  of  instability  of  a  sheet  under  plane  stress  in  the  range  of 
1/2  <  a(a  <  ^  raay  a^so  suS8est  an  explanation  of  the  discrepancy 
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between  the  balanced  biaxial  ductility  values  obtained  by  hydraulic 
bulge  test  arid  plunger  Indentation  bulge  test.  Their  principal  ob¬ 
servation  is  the  development  of  a  plane  strain  instability  region  in 
a  balanced  biaxial  tension  test  due  to  the  pressure  of  a  material  in- 
homogeneity.  According  to  these  findings  one  might  expect  little 
difference  between  the  plane  strain  (Clausing  or  bend  test)  duetility 
and  the  bulge  ductility,  especially  as  determined  by  the  plunger  bulge 
test. 

Values  of  fracture  ductility  obtained  in  the  transverse  region 
are  generally  lower  than  those  obtained  in  the  longitudinal  region. 

This  difference  is  attributed  to  the  mechanical  anisotropy  of  the 
sheet  materials  tested. 

Notch  Tensile  Tests  The  results  of  the  notch  tensile  tests  are 
presented  in  Table  VI  -  XI  and  plotted  in  Figures  15  -  38.  The  individual 
fracture  strains,  i.e.  the  longitudinal  thickness  and  the  width  strains, 
vary  greatly  with  the.  original  specimen  geometry  as  indicated  in  Figure 
15,  19,  23,  27,  31  and  35.  The  effective  fracture  strains  calculated  in 
accordance  with  Equation  (20)  show  a  decrease  (Figures  16,  20,  24,  28 
and  32)  with  increasing  stress  concentration  factor  to  a  plateau,  though 
there  is  some  scatter  observed  at  higher  stress  concentration  factors. 

The  effective  fracture  strain  values  obtainec.  with  the  lower  strength 
(Rc  39.0)  300M  steel  show  large  amounts  of  scatter  (Figure  36)  in  the 
results  and  do  not  seem  to  decrease  to  a  plateau. 

For  the  sake  of  comparison  the  minimum  fracture  ductility  values 
obtained  from  the  biaxial  ductility  tests  are  also  plotted  in  Figure  16, 
20,  24,  28,  32  and  36.  The  minimum  notch  root  effective  fracture 


strains  lie  between  the  plane  strain  ductility  value  and  the  plunger 

indentation  bulge  ductility  (Figures  20  and  24)  for  D6AC  steel 

(R  46.5  and  42.5)  and  are  very  close  (Figure  23  and  32)  to  the 
c 

plunger  indentation  ductility  values  for  300M  steel  (S^  51.5  and  47.5). 

The  notch  root  minimus  strain  for  D5AC  steel  (R  50)  is  higher  (Figure 

c 

16)  than  the  minimum  biaxial  ductility  value.  The  results  for  the 
300H  steel  (R£  39.0)  show  coo  much  scatter  to  identify  any  particular 
trend  (Figure  36). 

The  variation  of  notch  strength  with  Increasing  stress  concentra¬ 
tion  factors  are  shc-wn  in  Figures  17*  21*.  25,  29,  33  and  37.  All  of 
then  show  an  initial  notch  strengthening  followed  by  a  decrease  in 
notch  strength  with  increasing  stress  concentration  factors.  The  notch 
sensitivity,  in  general*  tends  to  decrease  with  increasing  tendering 
temperature  for  both  materials*  though  this  is  Dore  predominant  in 
300M  steel.  For  high  values  the  curves  reach  a  plateau.  From  the 

transition  point  between  the  decreasing  and  the  fiat  portion  of  the 

(12) 

curve  can  be  obtained  and  using  the  formula 

Kc*  =  1  +  2.c/2p*  (23) 

where  c  is  the  crack  length  (in  this  case*  the  length  of  the  fatigue 

crack,  p  *  0),  the  appropriate  values  of  the  Neuber’s  micro  support  effect 

constant  p*  are  determined  for  the  materials  tested.  The  values  of  p* 

obtained  are  0.0007  inch  or  0,0178  mm  (Kt*  =  39),  0.0012  inch  or  0.0305  mm 

(K  *a  26),  and  0.0014  inch  or  0.0356  mn  (K  *  *  24)  for  D6AC  stee.’  having 
c  * 
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hardness  values  of  R  *  50,  R  *  46-5  and  H  *  42-5  respectively  and 

c  c  c 

are  Q.0CC2  inch  or  0,005  oa  (3C^*  *  57) *  0.0003  inch  or  0.003  saa 

(Kt*  *  51),  and  0-0004  inch  or  0.010  m  (K^*  “  45)  for  300M  steel 

having  hardness  values  of  R  *  51.5,  R  *  47.5  and  R  *  39.0  respectively. 

c  c  c 

The  notch  root  thickness  contraction,  z^,  in  the  sheet  thickness 

direction,  is  plotted  as  a  function  of  root  radius  to  thickness  ratio 

{p/t>  in  Figures  15,  22,  26,  30,  34  and  38.  The  data  follow  the  general 

(22) 

trend  postulated-  by  Yoder,  Weiss  and  Liu  . 

The  values  of  the  fracture  toughness,  K.  is  calculated  froa  Equa¬ 
tion  (22)  froa  the  notch  tensile  test  data  with  fatigue  cracks  and 

Fracture  Toughness 

42.6  Ksi/in  (1483  S.  naf3^2) 

78.6  Ksi/in  (2735  N.  caf3/2) 

76.9  Ksit^in  (2676  N,  inm  3^2) 

62.6  Ksi/in  (2179  N.  maf3^2) 

60.3  Ksi/in  (2098  N.  mnf3^2) 

129.3  Ksi/in  (4500  N.  mnf3^2) 


Material 

D6'AC  Steel  (Rfi  50) 

D6AC  Steel  (R  46.5) 
c 

D6AC  Steel  (R£  42.5) 
300M  Steel  (Rfi  51.5) 
300M  Steel  (Rfi  47.5) 
3G0M  Steel  (Rr  39.0) 


Fracture  Toughness  Test  and  the  Correlations  Between  Fracture  Tough¬ 
ness  and  Material  Ductility:  The  results  of  fracture  toughness  test  per¬ 
formed  on  3  different  thicknesses,  namely  Q.15  inch  (3.82  mm)  0.50  inch 
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(12.2  ass)  and  1.0  inch  (25.4  so),  of  D6AC  steel  a#d  30CH  steel. are 
summarized  In  Tables  SI  -  XVI.  The  dimensional  requirements  satisfy¬ 
ing  the  plane  strain  fracture  criterion,  namely  both  the  thickness,  c, 

2 

ana  crack  length,  3>  should  be  greater  than  2.5  (K^/a'^)  ,  are  fulfilled 

for  all  sate  rials  in  I  inch  thickness.  The  above  conditions  are  also 

fulfilled  in  P.146  inch  thick  an d  0.50  inch  thick  specimens  of  D6AC  steel 

(R  *  50  and  R  *  46.53  and  300K  steels  (R  *  51.5  afld  R  *  47.5);  but 
c  c  c  c 

the  other  dimension^  icportsnce,  ixe.  the  width,  v,  is  not  in  strict 
accordance  with  the  ASTM  design  of  plane  strain  fracture  toughness. 
Therefore,  these  results  are  designated  as  apparent  plane  strain  frac¬ 
ture  toughness  (Kn). 

v 

Fracture  Toughness  Correlations  Two  theoretical  correlations  have 
been  obtained  in  this  study,  as  presented  earlier 


,  F  a  trf-1 

V  *  *  csy-  p*  f(~)  -  1] 

CY 


and 


?  SCY 


K  = 
c 


2  \r  n+1 

P*  f(— )  -  1] 


(9) 


(10) 


The  forcer  equation  is  derived  from  Irwin‘s  plastic  zone  size  definition 
and  the  latter  is  based  on  the  fundamental  definition  of  fracture, 

G  *  dW/dA,  and  represents  the  corrected  form  of  similarly  derived  ex¬ 
pression  reported previously.  The  two  equations  are  identical  except  for 
constant  multipliers.  The  symbols  used  are: 


yield  strength  (uniaxial) 


0* 


*r 


n 

s 


Keuber  Micro  Support  Effect  Constant**^ 

effect! ’c  fracture  strain  for  stress  state  ahead  of 

crack,  a  *  —  3  *  — 

C1  °1 


effective  strain  at  a  *  o^ 

strain  hardening  exponent  from  a 
shape  factor  for  plastic  zone 


total  strain) 


A  very  simple  approximate  and  intuitively  useful  relationship  is  obtained 

(23) 

for  n  *  1,  which  is  reasonable  since  most  measurements  of  the  strain 
distribution  within  the  plastic  zone  are  well  represented  with  n  *  1, 
namely: 


K  *  E  /sp*  e_  (24) 

C  F»S 


This  equation  predicts  a  linear  relationship  between  Kc  and  the  nultiaxial 
fracture  ductility  associated  with  the  stress  state  ahead  of  the  crack. 

It  also  suggests  that  it  should  be  possible  to  estimate  Kc  values  from 
plane  stress  to  plane  strain,  using  the  appropriate  values  of  e_  ,  if 
s  does  not  vary  too  much  or  if  its  variation  with  the  change  of  stress 
state  is  known. 

To  use  Equation  (24)  for  plane  strain  fracture  toughness  correlations 

it  is  necessary  to  obtain  cv  .  This  is  a  difficult  task;  however, 

*et6 

estimates  of  e„  characteristic  of  the  zone  in  front  of  a  crack  at  the 
FaU 
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instant  of  plane  strain  fracture  can  be  Bade  free  oeasureaents  of  bulge 
ductility  or  the  bend  ductility. 

(24) 

From  slip  line  field  theory  *  the  stress  state  ahead  of  a.  notch 
can  be  determined.  The  basic  equation 

o  ±  2k$  *  constant  (25) 

H 

where  0  is  the  oean  stress,  k  the.  yield  strength  in  pure  shear  and  6 
n 

the  angle  change  of  a  slip  line,  yields,  for  a  sharp  notch 


a,  *  a  ■  2k(l  +  vf 2; 
1  max 


a,  “  a  =  k(l  +  s) 
2  mean 


a,  o  .  *  kr 

3  min 


(26) 


and  hence  a  *  (l+ir)/(2-hr)»  0.906  and  6  *  tt/ (2+tt)  *  0.611.  Therefore  w  »  0.414 
m  *  0.337  and  wm  *  0.14  **  1/(7. 17)  for  plane  strain  conditions  inside  the 
plastic  zone.  Furthermore  from  the  definition  of  the  effective  stress 


0  “  3a  3m 
m 


(27) 


Anywhere  inside  the  plastic  zone  the  effective  stress  equals  the  uniaxial 
yield  stress,  ov,  and  therefore 


1/2 


(31) 


for  a  maximum  normal  stress  failure  postulate.  For  n  -  1  the  ratio  be¬ 
tween  bulge  ductility  and  plane  strain  fracture  ductility  is 

(e„  /e„  )  =0.28  for  the  volume  strain  fracture  postulate;  and 

ps  «=1,8=0 

(ep  /tp  )  =  0.34  for  the  maximum  normal  stress  failure  criterion, 

ps  a»l, 8=0 

Similarly,  the  relationship  for  the  bend  ductilities,  are 
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(e-  /el  )  *  0.24  for  the  volume  strain  fracture  postulate,and 

ps  a»l/2,B-0 

(e_.  /e_,  )  *  6.39  for  the  maximum  normal  stress  failure  concept. 

rps  a-l/2,fi«0 

Equation  (24)  can  be  rewritten  for  the  plane  strain  fracture  con¬ 
dition  as: 


K  « .  i 

IC  V 


(32) 


Correlating  Jtjc  with  the  bulge  ductility  one  obtains , for  v  *  l/2a 


K_  *  0.32  E/sp*  * e_  (vol.  strain  frac.)  (33) 

o-l, 0-0 


KIc  -  0.39  E/sp*’'  ep 


a*l, 6-0 


(maxm.  normal  stress  frac.)  (34) 


Figure  39  shows  the  plot  of  Kjc  values  obtained  on  1  inch  (25.4  mm)  WOL 
specimens  vs.  the  hydraulic  bulge  ductility  on  smoothly  ground  (10  micro- 
inches  RMS)  specimens  of  thickness  -  0.050  inch  (1.27  mm).  It  shows  a 
very  good  correlation  with 


Klc  "  169  eF  (35) 

o-l, $-0 

A  rough  calculation  of  the  shape  factor  s  yields  the  value  of  0.54 

3 

for  n  -  1.  Taking  the  Young's  modulus  E  »  28.5  x  10  ksi,  Equation  (35) 
and  (37)  yields  a  value  of  p*  *  6.4  x  10  ^  inch  (0.016  mm)  with  the 
volume  strain  fracture  criterion  and  Equation  (36)  and  (37)  yields  a 
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iA 

■value  of  p*  *  4.28  x  10  inch  (0.0109  bo)  for  the  critical  normal 
stress  failure  postulate.  This,  value  of  p*  calculated  from  the  slope 
of  the  line  is  very  close  to  the  average  value  of  p*  for  these  steels 
obtained  from  the  notch  tensile  test;  approximately  7.0  x  10  inch 
(0.0178  ran) . 

Similar  correlations  -;>eb*een  plane  strain  fracture  toughness  and 
the  bend  ductility  may  be  obtained  by  expressing  the  plane  strain 
fracture  ductility  ahead  of  the  crack  tip  region  in  terms  of  e_ 

a*l/2,Sn0 

Thus  one  obtains 

K_  *  0.28  E/sp*'-e_  (vol.  strain  frac.)  (36) 

IC  o«l/ 2, 3*0 

K_  *  0.45  E>/sp*  •  e_  (raaxm.  normal  stress  frac.)  (37) 

Ic  a-1/2,8-0 

Figure  40  shows  the  plot  of  K^c  values  obtained  on  1  inch  (25.4  mm)  W0L 
specimens  against  the  bend  ductility  values  obtained  on  coarsely  ground 
(RMS  *  19)  specimens  of  average  thickness  0.15  inch  (3.81  mm).  Here 
again  the  data  fall  on  a  straight  line  with 

K_  *  622  c_  (38) 

Ic  a*l/2, 6*0 

The  calculated  p*  values  do  not  agree  with  those  obtained  from  the  notch 
data,  namely  7  x  10~^  inch  (0.0178  mm).  This  could  be  attributed  to 
the  poor  surface  finish  of  the  bend  specimens.  Also  the  plastic  zone 
shape  factor  s  could  be  different. 
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To  obtain  the  value  of  fracture  toughness  for  non-plane  strain 

conditions,  it  -is  necessary,  to  know  the  corresponding  to  the  stress 

f25> 

state  ahead  of  the  crack*  The  elastic  solution  '  of  the  stress  field 
ahead  of  a  crack  suggests  a  stress  state  a  *  a2^°l  *  *■»  6  *  o^/a^  m  0 
for  the  plane  stress  condition.  Thus  the  balanced  biaxial  ductility  can 
directly  be  used  to  obtain  the  plane  stress  fracture  toughness  as 


K  «  E»^p*’*e  (39) 

c  Vi,e-o 

Comparing  Equation  (39)  with  Equations  (33)  and  (34)  we  find  that  the 
plane  stress  fracture  toughness  is  given  by  a  line  through  the  origin 
with  a  slope  which  is  approximately  3.13  times  steeper  than  that  for 
the  Kjc~  correlation  line  for  the  volume  strain  fracture  concept  and 
2.57  times  steeper  than  that  for  the  Kjc" correlation  line  for  the 
critical  normal  stress  fracture  criterion.  Accordingly  from  Equation  (37) 
the  predicted  plane  stress  fracture  toughness  values  for  these  steels  are 
given  by 


K  *  529  e_  (vol.  strain  frac.)  (40) 

c  * o*l, 0*0 

K  ■  434  e_  (maxm.  normal  stress  frac.)  (41) 

c  a*l, 8“0 

It  was  not  possible  to  obtain  true  plane  stress  fracture  toughness  value 
Kc  experimentally.  However,  all  the  apparent  fracture  toughness  (Kq) 


“30- 


Values  obtained  in  thinner  specimens  lie  within  the  above  limit  when 

based  on  the  hydraulic  bulge  ductility  (Figure  41).  The  figure  also 

shows  the  plot  of  the  data  for  annealed  HY-80  steel,  a  medium  strength 

tough  structural  material.  The  hydraulic  bulge  ductility  was  measured 

(23) 

to  be  0,92  and  the  literature  value  of  fracture  toughness  was 
800  ksi  /in  (27840  N.  mm  ^'^).  Since  the  value  of  p*  for  this  steel  is 

i 

not  known  it  is  difficult  to  comment  on  this  particular  point;  however, 

if  the  suggested  correlation  can  be  extended  for  these  materials,  it 

seems  that  p*  value  for  this  steel  should  be  about  4  times  the  value 

-3 

obtained  for  ultra  high  strength  steels,  i.e.  approximately  3  x  10  inch 
-4 

compared  to  7  x  10  inch  obtained  as  the  average  p*  value  for  D6AC  and 
300M  steel.  If  the  plunger  indentation  ductility  correlation  is  made, 
the  data  seem  to  lie  on  a  line  having  slope  870  ksi  /in  (Figure  42),  i.e., 

K0  *  870  (41) 

Q  o=l, 8-0 

This  slope  is  higher  than  that  predicted  by  the  upper  limit  given  by 
Equation  (40) . 

Although  the  elastic  solutions  suggest  a  balanced  biaxial  stress  state 

f  26  ^ 

in  the  region  ahead  of  a  crack,  direct  measurements'’  J  of  strain  in  the 
vicinity  of  a  crack  showed  that  a  stress  state  producing  e  =0  exists 
where  x  is  the  direction  in  the  crack  plane  along  the  width.  Thus 
for  the  plane  stress  case  this  leads  to  a  stress  state  corresponding  to 
the  biaxial  bend  test  and  therefore  the  plane  stress  fracture  toughness 
(K£)  can  be  correlated  with  bend  ductility,  i.e. 
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Kc  -  eSbp*  *ep 


a*l/2,B-0 


Equation  (42)  when  compared  with  Equations  (36)  and  (37)  suggests  that 


the  K  vs.  e„ 
c  F 


line  will  have  a  slope  which  is  3.57  times 


•a*i/2,0»O 

greater  than  the  slope  of  K_  vs.  e_  line  for  the  volume  strain 

iC  a-1/2,6-0 

fracture  criterion  and  is  2.22  times  greater  than  the  slope  of  the 

K_  vs.  e_  line  for  the  maximum  normal  stress  failure  criterion. 

Ic  a«l/2,g«0 

Thus  for  the  materials  tested.  Equation  (42)  predicts 


IC  «  2220  e_, 
c  t 


a*l/2iS*0 


(vol.  strain  frac.) 


K  *  1380  cv 
c  F 


a*l/2,0»O 


(maxm.  normal  stress  frac.) 


Figure  43  shows  a  plot  of  apparent  fracture  toughness  (K^)  values  ob¬ 
tained  on  0.150  inch  (3.81  mm)  thick  WOL  specimens  against  bend  ductility 

(eF  )  obtained  on  coarsely  ground  specimens  (19  micro-inches  RMS) . 

a*l/2, B*0 

The  data  can  be  represented  by  a  straigth  line  as 


Kq  "  815  ej? 


cc-l/2,B»0 


This  slope  815  ksi/in  lies  within  the  limit  predicted  by  Equation  (43). 
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SUMMARY  AND  CONCLUSION 

The  relationships  between  fracture  toughness  and  material  ductility 
were  studied  for  high  strength  steels,  D6AC  and  300M,  each  heat  treated 
to  three  strength  levels.  The  results  are  summarized  as  follows: 

1.  Biaxial  ductility  tests  on  D6AC  steel  (hardness  Rc  50,  Rc  46.5 

and  R  42,5)  and  300M  steel  (hardness  R  51.5,  R  47.5  and  R  39,0) 
c  c  c  c 

showed  that  the  fracture  ductility  decreased  significantly  on  going 
from  the  uniaxial  stress  state  (tension  test)  to  the  plane  strain 
stress  state  (bend  test  or  Clausing  type  tension  test)  to  the  balanced 
biaxial  condition  (bulge  test  or  plunger  bulge  test).  The  effective 
fracture  strain  is  generally  reduced  to  a  value  of  less  than  half  the 
value  of  the  tensile  fracture  strain  and  sometimes  to  a  value  as  low 
as  12%  of  the  tensile  fracture  ductility.  A  strong  influence  of  the 
surface  finish  was  noted.  This  gave  rise  to  some  scatter,  particularly 
for  the  bulge  tests. 

2.  Notch  tensile  tests  on  D6AC  steel  (hardness  R  50,  R  46.5 

c  c 

and  R  42.5)  and  300M  steel  (R  51.5,  R  47.5  and  R  39.0)  showed 
c  c  c  c 

that  the  notch  sensitivity  decreases  with  increasing  tempering 

temperature  for  both  materials,  with  the  reduction  being  somewhat 

greater  for  300M  steel.  The  values  of  the  Neuber  micro  support 

effect  constant,  p*,  were  determined  and  found  to  vary  from  0.0002 

inches  (0.005  mm)  (300M  steel  hardness  R  51.5)  to  0.0014  inches 

c 
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(0.035  nan)  D6AC  steel,  hardness  R£  42.5).  Measurement  of  the  effective 
fracture  strain  at  the  notch  root  showed  a  general  trend  of  decreasing 
notch  root  fracture  strain  with  increasing  stress  concentration  factor. 

In  general  the  minimum  values  of  the  notch  root  effective  fracture  strain 
lie  close  to  the  plunger  ductility  for  300M  steel  (hardness  Rc  51.5  and 
Rc  47.5),  higher  for  D6AC  steel  (hardness  R£  50)  and  between  the  bend 
and -plunger  ductility  for  D6AC  steel  (hardness  Rc  46.5  and  R^  42.5). 

For  300M  steel  (hardness  R£  39) ,  the  scatter  in  the  data  was  too  large 
to  identify  a  trend. 

3.  The  analytical  studies  yield  a  correlation  between  fracture 

toughness  and  ductility  which  assume  a  simple  form  for  negligible 
plasticity,  namely,  K  -•  E  /sp*  e_,  ,  where  E  is  the  modulus  of  elas- 

C  £  n 

aB 

ticity,  s  the  shape  factor  for  the  plastic  zone  (approximately  0.54  for 

n  *  1),  p*  the  Neuber  micro  support  effect  constant,  e_  the  effective 

FaB 

fracture  strain  corresponding  to  the  stress  state  a, 3  representing  the 
condition  ahead  of  a  crack. 

4.  To  estimate  the  plane  strain  fracture  toughness,  KIc>  from 

easily  measureable  ductility  values,  e:  the  relationship  K^c  *  A^  E/sp*  •  e 

is  suggested,  where  A  is  a  constant  corresponding  to  the  stress  state 

ei 

for  which  the  ductility  was  measured.  The  table  below  gives  the 
value  of  A^  for  various  fracture  ductility  correlations  and  failure 


criteria  . 
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Fracture  Ductility 
Used  For  Correlation 


Balanced  biaxial 
tension  ductility 

a*l,g“0 


Plane  strain 
ductility 
* 

a*%,  8=0 


_ 

Value  of  A_ 

_ _ _  __  “i _  _  _ _ 

Vbl.  Strain  Fracture  Haxisun  Normal  Stress 
Criterion  i  Fracture  Criterion 


0.32  j  0.39 

! 

j 

- - - 1 - - - 

i 

0.28  0.45 


Fracture  toughness  values  were  determined  for  all  materials  with 
compact  tension  specimens.  The  values  obtained  in  1  inch  (25.4  mm) 
thick  specimens  met  the  requirements  of  plane  strain  fracture  toughness, 
Kjc«  The  experimental  results  were  found  to  be  in  good  agreement  with 
the  bulge  ductility  correlation  but  in  somewhat  poorer  agreement  with 
the  bend  ductility  correlation.  Surface  finish  effects  on  the  bend 
ductility  could  be  partly  responsible  for  this  discrepancy. 

5.  The  analytical  correlations  were  also  extended  to  near  plane 
stress  fracture  conditions.  However,  reliable  estimates  of  the  fracture 
strain  corresponding  to  the  plane  stress  condition  ahead  of  a  crack 
could  not  be  made.  Furthermore  an  experimental  determination  of  the 
true  plane  stress  fracture  toughness  is  difficult.  Nevertheless,  it 
is  anticipated  that  similar  correlations  can  be  established  for  plane 
stress  conditions  or  mixed  mode  fracture. 
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6.  Finally,  since  both  the  bulge  and  band  ductility  values  were 
very  sensitive  to  the  surface  preparation,  it  is  necessary  to  resolve 
the  effects  of  such  factors  as  surface  finish,  residual  stresses, 
setallurgical  variations  on  the  surface  etc.  before  the  analytical 
correlations  developed  can  be  effectively  utilized  as  a  basis  tor 
the  developsent  of  caterials  selection,  and  acceptance  standards. 
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TABLE  I 


Actual  Composition  of  B6AC  Steel 


Alloying 

Element 


C 


Mn 


P 


S 


Si 


Cu 


Ni 


Cr 


Mo 


V 


Percentage 


0.48 


0.83 

0.010 


0.005 


0.28 


0.15 


0.58 


1.06 


1.01 


0.10 
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TABLE  II 

Actual  Composition  of  300M  Steel 


Alloying 

Element 


C 


Mn 


P 


S 


Si 


Ni 


Cr 


Mo 


Percentage 
by  weight 


0.39 


0.85 


0.008 


0.005 


1.61 


1.80 


0.89 


0.40 


0.08 


TABLE  III.  FRACTURE  DUCTILITIES  AND  FRACTURE  STRAIN  RATIOS 
AS  A  FUNCTION  OF  STRESS  STATE  FOR  D6AC  STEEL. 


Longitudinal 

_ i 

Transverse 

- 1 

Stress 

State 

W 

Fracture 

Strain 

Ratio 

Effective 

Fracture 

Strain 

Stress 

State 

Fracture 

Strain 

Ratio 

Effective 

Fracture 

Strain 

<VV 

_ i 

<V 

<V 

500°F  temper,  2  hours, R£  50 

0 

1.0 

0.372 

00 

1.0 

0.30 

1/2 

0.55* 

0.205* 

2 

0.68* 

0.205* 

0.14 

0.052 

0.16 

0.048 

1 

0.116** 

0.043** 

1 

0.143** 

0.043** 

800°F  temper,  2  hours, Rc  46. 5 

0 

1.0 

0.467 

CO 

1.0 

0.308 

1/2 

0*456* 

0.212* 

2 

0.607* 

0.187* 

0.180 

0.082 

0.20 

0.063 

1 

0.12** 

0.055** 

1 

0.179** 

0.055** 

1100°F  temper,  2  hours, Rfi  42.5 

0 

1.0 

0.557 

00 

1.0 

0.49 

1/2 

0.259* 

0.144* 

2 

0.30* 

0.148* 

0.259 

0.144 

0.255 

0.125 

1 

0.169** 

0.094** 

1 

0.192** 

0.094** 

*  Indicates  the  values  obtained  from  tensile  test  on  Clausing  specimen 
(Figure  3). 

**  Indicates  the  values  obtained  from  the  plunger  bulge  test  (Figure  4) . 
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TABLE  IV.  FRACTURE  DUCTILITIES  AND  FRACTURE  STRAIN  RATIOS 
AS  A  FUNCTION  OF  STRESS  STATE  FOR  300M  STEEL. 


Longitudinal 

Transverse 

Stress 

State 

(o2/o.,) 

Fracture 

Strain 

Ratio 

Effective 

Fracture 

Strain 

Stress 

State 

(o2  /Oj). 

Fracture 

Strain 

Ratio 

Effective 

Fracture 

Strain 

,  * 

^F^TF  * 
_ 1 

(eF> 

(eF/eTF) 

(£f> 

5008F  temper,  2  hours  R  51.5 

C 

— 

0 

1.0 

0.446 

00 

1.0 

0.387 

1/2 

0.222* 

0.099* 

2.0 

0.297* 

0.115* 

0.285 

0.127 

0.269 

0.104 

1.0 

0.224** 

0.10** 

1.0 

0.258** 

0.10** 

800° F  temper,  2  hours  R£  A7.5 

0 

1.0 

0.412 

00 

1.0 

0.371 

1/2 

0.260* 

0.107* 

2.0 

0.’.5* 

0.130* 

0.192 

0.079 

0.213 

0.079 

1.0 

0.199** 

0.082** 

1.0 

0.221** 

0.082** 

1100°F  temper,  2hours  Rc  39.0 

i 

! 

0 

1.0 

0.568 

00 

1.0 

0.519 

1/2 

0.287* 

0.163* 

2.0 

0.44* 

0.23* 

0.194 

0.110 

0.272 

0.141 

1.0 

0.222** 

0.126** 

1.0 

0.243** 

0.126** 

*  Indicates  the  values  obtained  from  tensile  test  on  Clausing  specimen 
(Figure  3). 

**  Indicates  the  values  obtained  in  the  plunger  bulge  test  (Figure  4). 


( 

j  TABLE  V.  HYDRAULIC  BULGE  TEST  (o^  -  1)  DATA  ON  TWO 

1  DIFFERENT  THICKNESSES  OF  D6AC  AND  3Q0M  STEEL. 


Material 

; - 1 

Initial 

Thickness 

(ti> 

inch 

Final 

Thickness 

(tf) 

inch 

Thickness 

Strain 

e3*ln(Ii) 

i 

Effective 

Fracture 

Strain 

^F=e3 

Alloy 

Specification- 

Temper  and 
Hardness 

500°F,  2  hours  R  50 
c 

0.040 

-0.253 

0.253 

D6AC  Steel 

800°F,  2  hours  R  46.5 
c 

0.035 

-0.385 

0.385 

1100 °F,  2  hours  R  42.5 

..  ...  -  c 

0.052 

0.033 

-0.454 

0.454 

500°F,  2  hours  R  51.5 
c 

0.0513 

0.040 

-0.249 

0.249 

300M  Steel 

800° F,  2  hours  R  47.5 
c 

0.0518 

0.0405 

-0.247 

0.247 

1100°F,  2  hours  R  39.0 
c 

0.0515 

* 

* 

* 

500°F,  2  hours  R  50 
c 

m^m 

* 

D6AC  Steel 

800oF,  2  hours  R  46.5 
c 

1 

1 

-0.405 

B 

1100°F,  2  hours  R  42.5 
c 

0.0765 

_  -  ...  _ 

D9 

-0.530 

mm 

500eF,  2  hours  R  $1.5 
c 

0.0755 

0.0575 

-0.252 

0.252 

300M  Steel 

800° F,  2  hours  R  47.5 
c 

0.0765 

* 

* 

* 

1100°F,  2  hours  R  39.0 
c 

0.0765 

0.046 

-0.507 

0.507 

*Speciman  did  not  fail  at  the  bulge  but  failed  around  the  edge  of  the  grip. 
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TABLE  71 


0.0  length,  a=0.399  in.  -0.0065  56.0  0.0 


NOTCH  TENSILE  TEST  DATA  FOR  D6AC  STEEL 


f  Che  notch 


NOTCH  TENSILE  TEST  DATA  FOR  D6AC  STEEL 


Crack  length,  a  =  0.385  in.  99.51 
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TENSILE  TEST  DATA  FOR  300M  STEEL 


Crack  length,  a  »  0.482  in.  163*38 


TABLE  XII,  FRACTURE  TOUGHNESS  <K^)  VALUES  OF  D6AC  AND  300M  STEELS  OBTAINED  ON 
WOL  TYPE  SPECIMEN  (FICURE  8)  OF  AVERAGE  THICKNESS  0.146  INCH. 


F  - 
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TABLE  XIII.  FRACTURE  TOUGHNESS  <KQ)  VALUES  OF  D6AC  STEEL  OBTAINED 

ON  WOL  TYPE  SPECIMEN  (FI<?i  8)  OF  AVERAGE  THICKNESS  0.50  INCH 
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TABLE  XV.  PLANE  STRAIN  FRACTURE  TOUGHNESS  (KT  )  VALUES  OF  D6AC  STEEL 
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mil)  TESTING 


PIG.  EXPERIMENTAL  SET-UP  FOR  PLANE  STRAIN  DUCTILITY  TEST 
2:1  BIAXIAL  LOADING. 


55 


T  11 

DIA. 


FIG.  4.  MODIFIED  PLUNGER  BULGE  TEST  FIXTURE  (o2 /o,  »  1). 
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Dimensions 

'''•(approx)  wtaDEFGH  K 
is.icknes's" sv.NJ  INCH  INCH  INCH  INCH  INCH  INCH  INCH  JlNCH  INCH 


0.150  INCH 
0.50  INCH 


1.00  INCH 


3.2  0.150 

2.0  0,50  1.0 

2.0  1.0 


4.0  4.0  0.125  0.750  2. G  C.875 


£.5  1 


m 

ESI 


0.062  0.500  1.25  0.55 
0.062  0.500  1.25  0.55 


FIGURE  8  FRACTURE  TOUGHNESS  SPECIMEN  DESIGN 
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FIGURE  9 


EFFECT  OF  STRESS  STATE  ON  FRACTURE  DUCTILITY  FOR 
D6AC  STEEL  (Rc  50)  SHEET  (0.145"  THICK). 


62 


FIGURE  14  EFFECT  OF  STRESS  STATE  ON  FRACTURE  DUCTILITY  FOR 
300M  STEEL  (Rc  39)  SHEET  (0.145"  THICK), 
SMOOTH-FMS  10  y  INCHES,  ROUGH-RMS  50  y  INCHES. 
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36AC  STEEL  (Rc5G) 
o  LONGITUDINAL  STRAIN  € 
•  THICKNESS  STRAIN  4 
A  WIDTH  STRAIN  c 


Figure  15  Fracture  Strains,  as  a  Function  of  Elastic  Stress 
Concentration  Factor  for  D6AC  Steel  (R  50) ; 


FIGURE  18  EFFECT  OF  ROOT  RADIUS  TO  THICKNESS  RATIO  (p/t)  ON  THICKNESS 

STRAIN  AT  FRACTURE  (e.)  FOR  D6AC  STEEL  (R  50). 
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FIGURE  19  FRACTURE  STRAINS  AS  A  FUNCTION  OF  ELASTIC  STRESS  CONCENTRATION  FACTOR  FOR 
D6AC  STEEL  (Rc  46. 5);  THICKNESS  -  0.142"  ±  0.010". 
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ELASTIC  STRESS  CONCENTRATION  FACTOR  (Kt> 


FIGURE  20  EFFECT  OF  INITIAL  STRESS  CONCENTRATION  FACTOR  ON  THE  EFFECTIVE  FRACTURE 

STRAIN  FOR  D6AC  STEEL  (R„  46.5);  THICKNESS  -  0.142"  ±  0.010". 
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(ksi) 


FIGURE  21  EFFECT  OF  INITIAL  STRESS  CONCENTRATION  FACTOR  ON  THE  NOTCH  STRENGTH 
FOR  D6AC  STEEL  (Lc  46.5);  THICKNESS  -  0.142"  +  0.010”. 


FIGURE  22  EFFECT  OF  ROOT  RADIUS  TO  THICKNESS  RATIO  (p/t)  ON  THICKNESS 

STRAIN  (e.)  AT  FRACTURE  FOR  D6AC  STEEL  (R  46.5). 
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k _ 1 _ I  III 

1  2  4  6  8  10 

ELASTIC  STRESS  CONCENTRATION  FACTOR  (Kj.) 
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FIGURE  23  FRACTURE  STRAINS  AS  A  FUNCTION  OF  ELASTIC  STRESS  CONCENTRATION  FACTOR 
FOR  D6AC  STEEL  (Rc  42. S);  THICKNESS  -  0.145"  ±  0.010". 


76 


FIGURE  24  EFFECT  OF  INITIAL  STRESS  CONCENTRATION  FACTOR  ON  THE  EFFECTIVE  FRACTURE 
STRAIN  FOR  D6AC  STEEL  (Rc  42.5);  THICKNESS  «  0.145  ±  0.010". 
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(p/t) 

FIGURE  26  EFFECT  OF  ROOT  RADIUS  TO  THICKNESS  RATIO  (p/t)  ON  THICKNESS 
STRAIN  AT  FRACTURE  (e  J  FOR  D6AC  STEEL  (R  42.5). 

u  C 
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40.4 


300M  STEEL  (Rc  51.5) 

°  LONGITUDINAL  STRAIN  £ 
•  THICKNESS  STRAIN  ct  L 

A  WIDTH  STRAIN  e 
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FIGURE  27  FRACTURE  STRAINS  AS  A  FUNCTION  OF  ELASTIC  STRESS  CONCENTRATION 
FACTOR  FOR  3COM  STEEL  (Rc  51.5);  THICKNESS  «  0.166’'  ±  0.006”. 
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FIGURE  28  EFFECT  OF  INITIAL  STRESS  CONCENTRATION  FACTOR  ON  THE  EFFECTIVE  FRACTURE 
STRAIN  FOR  300M  STEEL  (Rc  51.5),  THICKNESS  -  0.166*'  ±  0.006*'. 
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(ksi) 


FIGURE  2$  EFFECT  OF  INITIAL  STRESS  CONCENTRATION  FACTOR  ON  THE  NOTCH  STRENGTH  FOR 
300M  STEEL  (Rc  51.5),  THICKNESS  -  0.166"  ±  0.006". 
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(p/t) 

FIGURE  30  EFFECT  OF  ROOT  RJWIUS  TO  THICKNESS  RATIO  (p/t)  ON  THICKNESS 

STRAIN  (e.)  AT  FRACTURE  FOR  300M  STEEL  <R  51,5). 
c  c 
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300M  STEEL  (R  47.5) 
c 

O  LONGITUDINAL  STRAIN  eL 

#  THICKNESS  STRAIN  et 

A  WIDTH  STRAIN  e„ 
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FIGURE  31  FRACTURE  STRAINS  AS  A  FUNCTION  OF  ELASTIC  STRESS  CONCENTRATION 
FACTOR  FOR  300M  STEEL  (Rc  47.5),  THICKNESS  -  0.163"  ±  0.007". 
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FIGURE  32  EFFECT  OF  INITIAL  STRESS  CONCENTRATION  FACTOR  ON  THE  EFFECTIVE  FRACTURE  STRAIN 
FOR  300M  STEEL  (Rc  47.5),  THICKNESS  -  0.163”  ±  0.007”. 
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ELASTIC  STRESS  CONCENTRATION  FACTOR  (Kt) 

FIGURE  33  EFFECT  OF  INITIAL  STRESS  CONCENTRATION  FACTOR  ON  THE  NOTCH  STRENGTH 
FOR  300M  STEEL  (R  47.5),  THICKNESS  -  0.163"  +  0.007". 


FIGURE  34  EFFECT  OF  ROOT  RADIUS  TO  THICKNESS  RATIO  (p/t)  ON  THICKNESS 
STRAIN  (et)  AT  FRACTURE  FOR  300M  STEEL  (R  47.5). 

a  C  , 
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ELASTIC  STRESS  CONCENTRATION  FACTOR  (K  ) 

t 

FIGURE  35  FRACTURE  STRAINS  AS  A  FUNCTION  OF  ELASTIC  STRESS  CONCENTRATION  FACTOR 
FOR  300M  STEEL  (R  39.0)*  THICKNESS  -  0.161"  ±  0.005". 


1  2  4  6  8  10  15  20  30 

ELASTIC  STRESS  CONCENTRATION  FACTOR  (Kt) 

FIGURE  36  EFFECT  OF  INITIAL  STRESS  CONCENTRATION  FACTOR  ON  THE  EFFECTIVE  FRACTURE 

STRAIN  FOR  300M  STEEL  (R  39.0),  THICKNESS  -  0.161"  ±  0.005". 
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300M  STEEL  (R  39.0) 
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1  _ I _ I _ l_l _ I _ I _ l _ L 

2  A  6  8  10  15  20  30  50 

ELASTIC  STRESS  CONCENTRATION  FACTOR  (Kfc) 


FIGURE  37  EFFECT  OF  INITIAL  STRESS  CONCENTRATION  FACTOR  ON  THE  NOTCH  STRENGTH 
FOR  3(  -i  STEEL  (R  39.0),  THICKNESS  -  0.161"  ±  0.005". 


100 


OPEN  SYMBOLS  -  D6AC  STEEL 
CLOSED  SYMBOLS  -  300M  STEEL 


BEND  DUCTILITY  (?_,  ) 

ct"l/2 ,  S«0 


FIGURE  40  PLANE  STRAIN  FRACTURE  TOUGHNESS  (KIc)  PLOTTED  AGAINST  BEND 

DUCTILITY  (e_  )  ON  COARSELY  GROUND  (RMS  -  19) 

*a"l/2,8*0 

SPECIMENS  OF  THICKNESS  -  1.60". 
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OPEN  SYMBOLS  -  D6AC  STEEL 
CLOSED  SYMBOLS  -  300M  STEEL 

*  -  K  VALUE  FOR  HY-80  STEEL 

C  ( 
OBTAINED  FROM  LITERATURE' 


1)K  «529  e_  Predicted  K  line  (critical  vol.  strain) 

c  Fa-l,B-0  c 

for  ultra  high  strength  steels 


2)K  -434  e_  Predicted  K  line  (maxim  normal  stress) 

c  a-1,8-0  c 

for  ultra  high  strength  steels 


)K0“21°  ep 


Experimental  K  line  (0.145  inch  ' 


a“l,0«O  v 

thick)  for  ultra  high  strength  steels 


y\  / 


Hydraulic  Bulge  Ductility  (e„  ) 

a»l,0“O 

FIGURE  41  APPARENT  FRACTURE  TOUGHNESS  (K  )  AS  A  FUNCTION  OF 
HYDRAULIC  BULGE  DUCTILITY  „ 


